In this manuscript, we present the hybrid materials with sulfur as an inorganic element. Initially, the network polymers with the polysulfide-bridged polyhedral oligomeric silsesquioxane (POSS) were synthesized and mixed with polystyrene (PS) and poly(methyl methacrylate) (PMMA). The resulting polymer blends showed higher thermal degradation temperatures than that of the polymer matrix similarly as typical hybrids. Next, it was found that the sulfur-bridging networks can increase refractive indices of the polymer matrices. Moreover, it was revealed that the loss of Abbe numbers was hardly observed by blending to conventional polymers.
sulfur to the plastic was reported. 11, 12 It was demonstrated that the final products can work as a highlyefficient active layer as an electrolyte in the lithium battery. Especially, an introduction of sulfur element into the polymer structure is one of valid strategies for developing high-refractive index plastics 13 with a high Abbe number, 14−19 while there are very few examples to demonstrate the optical materials made directly by sulfur (S8) as a starting material. Hence, the development of new application manners with sulfur is of significance especially in the industrial fields in terms of the effective utilization of limited resources.
Herein, we present the hybrid materials with sulfur as an inorganic element. The network polymers with the polysulfide linkers were initially synthesized. According to the general classification of the mixture composed of typical polymers such as polystyrene or poly(methyl methacrylate) and inorganic materials, the mixture with high homogeneity are regarded as an organic−inorganic hybrid. Based on this idea, we prepared the polymer blends with the polysulfide-bridging networks and commodity polymers.
Similarly as classical silica-based hybrids, the enhancement of thermal stability to the polymer matrices was observed from the measurements of thermal degradation temperature. In addition, it was found that the polysulfide-bridging networks can increase refractive indices of the polymer matrices. Furthermore, it was revealed that the loss of Abbe numbers was hardly observed by blending to conventional polymers. This is the first example, to the best of our knowledge, not only to offer the direct transformation of sulfur to the hybrid materials but also to utilize the sulfur-containing products as an optical material.
Experimental Section
General. 1 H, 13 C, and 29 Si NMR spectra were measured with a JEOL EX-400 (400 MHz for 1 H, 100
MHz for 13 Preparation of the blend films. The mixtures (20 mL) containing 1 g of polymers (PMMA or PS) and various amounts of the POSS network solution in chloroform were stirred at room temperature for 5 min.
Spin coating (1000 rpm) was performed with a MIKASA Spin Coater 1H-D7 (MIKASA Co. Ltd., Tokyo, Japan) by dropping the mixture on the quartz plate (1 cm × 5 cm). The film samples were dried for 10 min under ambient condition. The resulting films on the quartz plate were used directly for the refractive index measurements. containing the POSS network (element 2) can be described using the molar fractions (α), molar refractions (R), and molar volumes (V). The degree of packing can be described by the molecular packing coefficient Kp that is defined as
Calculation of refractive indices and
where Vint and VVDE are the intrinsic and van der Waals volumes of the molecules, respectively. According 
The Kp values were determined to be 0.68. 24 The molar refractions of polymer matrices R1 were used according to our previous report. From the series of reports on the development of high-refractive index polymers, it was suggested that the dependency of the refractive index of alkyl sulfide skeletons on the light wavelength intrinsically is small, leading to a high Abbe number.
Without adding the heavy atoms involving sulfur element or aromatic compounds which can efficiently elevate the refractive indices of matrices, it is possible to increase the refractive indices of materials.
Nishikubo et al. reported the significant enhancement of refractive indices of polymeric materials by modulating the polymer morphology. 28−30 They prepared the sulfur element-containing polymers with or without connection of the end of polymer chains. Accordingly, from the series of the refractive index measurements with the polymeric samples with the same sulfur contents, they found that the dendritic polymers showed the highest refractive indices of the samples. Especially, the increase of refractive indices was significantly observed below the glass transition temperatures. 31 It was summarized that the increase of the fragment density by the end packing should be responsible for the increase of refractive indices. They also proposed that the compact core could be much favorable for observing the larger enhancing effect on the refractive index by the end packing.
As the sulfur containing organic−inorganic hybrids, it was reported that the thiol-modified random silsesquioxanes were applied for the preparation of higher refractive index organic−inorganic hybrids by thiol-ene reaction with allyl compounds. 32 Polyoctahedral oligomeric silsesquioxanes (POSS, Scheme 1)
are well-known as molecular building blocks to construct thermally-stable materials as well as to improve the mechanical properties of materials. 33−39 The rigid POSS structure can suppress the motions of surrounding molecules in media. 40−45 In addition, the symmetrical structure of the silica cube could contribute to reducing entropy differences in phase transitions. 46 Thereby, the molecular motion could be suppressed, resulting in the improvements of the thermal stabilities of POSS-containing composites. 47 The silica cage of POSS has another structural feature. POSS can be regarded as the linker with the compact size. For instance, the POSS-core dendrimers have smaller sizes than those of poly(amidoamine) dendrimer with the same generation possessing the ethylenediamine core. 48−50 As a result, the guest molecules can be accumulate into the compact spaces by encapsulating into the POSS-core dendrimer. In summary, by using POSS as a cross-linking unit, the polymer chains can be accumulated into the compact spaces, resulting in the increase of local density. In addition, the molecular motions of polymer chains should be efficiently suppressed. These effects are favorable for increasing the refractive indices of polymers.
28−30
Scheme 1
Synthesis of the POSS network was carried out by employing the substitution reaction from the iodine groups of I-POSS 14 with sodium polysulfides according to the Takata's reports 10 (Scheme 1). In tetrahydrofuran, sulfur was treated with sodium metal, and then I-POSS was added. As a preliminary experiment, the length of the oligosulfide chain was estimated by the 1 H NMR spectroscopic analysis of the products obtained by the reaction of the sodium salt with benzyl bromide as reported by Takata et al.
( Figure S2 ). 10 Accordingly, it is suggested that the average length was determined as five sulfur atoms.
After stirring the mixture, the products were extracted with chloroform. By condensing with a rotary evaporation, the pale yellow colored sample solution was prepared. When the solvent was removed completely, the residue was never dissolved in chloroform again. Therefore, the solution state was kept for the storage.
The characterization of the product was executed. From the integration ratios of the 1 H NMR peaks at the propyl moiety in POSS as shown in Figure 1a , the introduction ratio of polysulfide chains can be estimated as 29% of the eight vertices. In the 29 Si NMR spectrum, the significant signal was observed at −67 ppm assigned to the T8 structure of silsesquioxane (Figure 1b) . This result indicates that the cubic silica cage should be maintained after the reaction with sodium salt. Based on NMR and elemental analysis data, the average number of polysulfide chains in the single POSS unit was evaluated as approximately between 6 and 7 sulfur atoms. This value is similar to the result from the preliminary experiment with the benzyl bromide treatment. From these data, the averaged molecular weight of the single POSS unit was calculated. Finally, the absolute molecular weight was determined with the GPC- the neighbor thiol groups after the reaction quenching. This fact suggests that the crosslinking could occur not only via the direct connection between POSS by the sodium salts of polysulfide but also by the reconnection between the thiol groups after reaction quenching. We confirmed that this preparation method possesses good reproducibility. From the comparison of 1 H NMR spectra before and after storage for 1 month under the ambient condition in the chloroform solution, peak changes or appearances were hardly observed. These data indicate that the synthesized POSS network has high stability toward air and light.
Figures 1 and 2
The polymer blends of the synthesized POSS network with conventional polymers (PMMA and PS)
were prepared ( Figure 3 ). Transparent films were provided as clear films from spin coating on the quartz substrate. The surface morphologies of the blend films were examined using SEM. Significant phase separation or aggregation was slightly observed in the blend films under 20 wt% POSS network with both matrices (Figure 4 and Figure S3 ). These results suggest that homogeneous dispersions of the POSS network were realized in polymers under 20 wt%. These data mean that the polymer blends satisfy the definition of hybrid materials where the organic and inorganic components are mixed at the nano or molecular scale. In other words, just by simply mixing with the POSS network, the organic−inorganic hybrids can be obtained.
Figures 3 and 4
Transparency of the blend films was evaluated with UV−vis absorption measurements ( Figure S4 ).
Significant light absorption was hardly observed in the visible region. These data indicate that the blend films possess high transparency. In the UV region, small absorption was detected. According to the previous work, the suppression of the light absorption in the UV region is feasible to maintain high level of Abbe numbers. 22, 51 It is suggested that POSS network could satisfy the demands for suppressing loss of Abbe numbers.
Thermal stability of the blend films was monitored by TGA (Table 1) . From the PMMA blends, the second degradation attributed to the main chain scission was suppressed by the addition of POSS network ( Figure 5 ). It is likely that the molecular motion of PMMA main-chains was suppressed by the strong hydrophobic interaction between POSS and polymer main-chains, leading to the enhancement of thermal stability of polymer matrices. 47 These data also support the statement that the POSS network can form a hybrid with polymer matrices. From the PS blend film, a slightly lower degradation temperature was observed. Since the aggregation of benzene rings could intrinsically occur in the PS film, it is implied that the polymer blending might reduce the interaction among polymer chains, resulting in the decrease of the Td value. We also prepared the blend films with the polysulfide containing propyl groups instead of POSS.
However, the degradation occurred at the drying step. This fact supports the POSS effect on the improvement of the stability of the materials. From the DSC measurements with the polymer blends, the decreases of Tgs of the polymer matrices were observed (Table 1) . These data also support well dispersion states of the POSS network in the polymer blends. Table 1 and Figure 5 Refractive indices of the blend films were measured. The values were determined as an average from the three data sets of at least five points in the same film. The theoretical values were estimated from the below procedure. In the case of amorphous polymers, the Kp values were determined to be 0.68. 24 VVDWs were estimated with the computer modeling. The molar refractions of polymer matrices R1 were used according to our previous report. 25 The molar refraction of the POSS network was calculated by using that of sulfur element in polysulfide according to Figure S1 . 20 Theoretical values were represented from the sum of the experimental values of the pure polymer films and the calculated values obtained the above equations. The results are shown in Figure 6a and Table S1 . Corresponded to the increases of the amount of the POSS network, the increases of the refractive indices were observed in both polymer matrices. By Figure 6b ). Interestingly, less significant changes were observed by increasing the amounts of the POSS network in both polymer matrices. The Abbe numbers are crucially influenced by the chemical composition of the materials in the glass materials. 51 Therefore, it is assumed that by increasing the local density of matrices, only the high-refractive indices might be induced without loss of an Abbe number.
In addition, it is also presumed that the intrinsic Abbe number of the POSS network might be in the similar range to those of polymers. Hence, the crucial changes could be detected in this concentration range of the POSS network. According to the classification of the mixtures containing polymers and inorganic materials, the polymer blends with conventional polymers and the sulfur-bridged POSS network are regarded as a hybrid in this study. Our results involve three significant remarks: First, we demonstrate the preparation of the hybrid materials from sulfur based on the polymer blend. The hybrid film composed of polysulfide bonds was obtained. These characteristics could be applicable for the development of stimuli-responsive materials based on a variety of sulfur element-related chemical reactions. Second, by employing POSS, the homogeneous and thermally-stable hybrids can be readily obtained just with polymer blending. It is extremely easy to change the type of polymers. In addition, there is possibility that the hybrid materials might be produced by using substituted-POSS with other inorganic elements. Third, the synthesized network can work as a filler for increasing refractive indices of polymer matrices without critical loss of Abbe number. In particular, the connection with POSS could increase local density, resulting in the increase of refractive indices of the polymer matrices. Thus, it can be demonstrated that our concept presented here is advantageous not only for the facile preparation of hybrid materials except for metal oxide but also for the development of advanced functional materials. 
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